A pulse source at 560 nm that is tunable in duration between 50 ps and 2.7 ns with >1 W of average power and near diffraction-limited beam quality is demonstrated. The source is based on efficient (up to 50%) second-harmonic generation in a periodically poled lithium tantalate crystal of a linearly polarized fiber-integrated Raman amplifier operating at 1120 nm. A duration-tunable ytterbium master-oscillator power-fiber amplifier is used to pulsepump the Raman amplifier, which is seeded by a continuous-wave distributed-feedback laser diode at 1120 nm. The performance of the system using two different master oscillator schemes is compared. A pulse energy of up to 765 nJ is achieved with a conversion efficiency of 25% from the ytterbium fiber pump, demonstrating a compact and turnkey architecture for obtaining high peak-power radiation at 560 nm. Pulsed sources at 560 nm with high pulse energy and excellent beam quality are in great demand for many fluorescence-based imaging techniques, such as stimulated-emission-depletion (STED) microscopy [1], semiconductor characterization, and biochemical analysis [2] . STED microscopy, where diffraction-limited excitation and doughnut-shaped depletion beams are spatially overlapped at the sample, decreases the effective point-spread function of the fluorescence by saturating the fluorescence inhibition through stimulated emission [3] . It follows that the resolution improvement over confocal microscopy scales with the depletion beam pulse energy. The depletion is most efficient with pulse durations in the range of 0.1-2 ns, with low MHz repetition rates being favored as a compromise between fast image acquisition times and avoidance of photobleaching effects [4] .
Pulsed sources at 560 nm with high pulse energy and excellent beam quality are in great demand for many fluorescence-based imaging techniques, such as stimulated-emission-depletion (STED) microscopy [1] , semiconductor characterization, and biochemical analysis [2] . STED microscopy, where diffraction-limited excitation and doughnut-shaped depletion beams are spatially overlapped at the sample, decreases the effective point-spread function of the fluorescence by saturating the fluorescence inhibition through stimulated emission [3] . It follows that the resolution improvement over confocal microscopy scales with the depletion beam pulse energy. The depletion is most efficient with pulse durations in the range of 0.1-2 ns, with low MHz repetition rates being favored as a compromise between fast image acquisition times and avoidance of photobleaching effects [4] .
Compact, frequency-doubled pulsed-semiconductor lasers operating at 560 nm have recently become commercially available. However, they have insufficient pulse energy compared to the saturation energy of typically used fluorophores to offer a significant resolution improvement using STED microscopy. Instead, nonlinear conversion techniques, such as supercontinuum sources or bulk parametric conversion of ultrafast oscillators are commonly used to provide the depletion beam [4, 5] . The requirement to spectrally filter the broadband output of a supercontinuum source leads to a poor optical efficiency, and the pulse duration is typically fixed and at a defined repetition rate. Frequency-doubled ultrafast parametric oscillators are expensive, have a comparatively large footprint, and the output pulse durations are not well suited to STED microscopy [4] . Commercially available systems using either technique are limited to pulse energies ≤ 20 nJ.
In contrast, second-harmonic generation (SHG) of ytterbium master-oscillator power-fiber-amplifier (Yb-MOPFA) systems is a proven technique for efficiently generating highpulse-energy visible radiation with near diffraction-limited beam quality [6] . While direct pulsed emission of ytterbium (Yb) fiber lasers has been demonstrated at 1120 nm, the larger emission cross-section at shorter wavelengths can lead to excessive amplified spontaneous emission and parasitic lasing [7] . Therefore, it is technologically challenging to implement highgain Yb-MOPFA schemes at this wavelength [8] . Indeed, pumping Raman amplifiers with Yb-fiber lasers operating around 1070 nm can provide higher gain with greater efficiency [9] . However, since the Raman gain is proportional to the pump peak-power and effective fiber length, continuous-wave (CW)-pumped Raman amplifiers require long fiber lengths. Therefore, due to nonlinear effects, it is difficult to maintain the spectral bandwidth of narrow linewidth pulsed signals in CW-pumped Raman amplifiers [10] .
Combined Yb-Raman amplifiers, which provide gain for a pulsed pump signal multiplexed with a CW seed at a Stokesshifted wavelength, can dramatically reduce the gain fiber length required due to the high pump peak-power. The virtual nature of the energy states in Raman amplification lead to the temporal characteristics of the pump being imposed on the CW seed; whereas the spectral properties of the amplifier output are predominantly determined by the CW seed. Therefore, subsequent frequency-doubling of such sources is a viable technique for generating pulsed yellow-green radiation [11, 12] . This combined approach, however, severely constrains the design of the Yb-amplifier, and due to cross-phase modulation between the pump and the Raman signal, achieving a high-power spectral density output can be challenging [11] . This issue is particularly pertinent when using periodically poled (PP) SHG crystals, which have a narrower spectral acceptance bandwidth per unit length in comparison to nonpoled crystals [13] . For applications requiring <10 W second-harmonic average power, PP crystals are typically favored, due to their higher effective nonlinear coefficient. This enables high conversion efficiencies to be obtained with relatively modest peak-powers in simple, single-pass configurations [14] .
In this Letter, we report a duration-tunable picosecond source at 560 nm with near diffraction-limited beam quality and a pulse energy of up to 765 nJ. The source is based on efficient SHG of a narrow linewidth fiber-integrated Raman amplifier. We develop a more flexible approach using a pulsepumped discreet Raman amplifier, seeded by a narrow linewidth CW signal. The pulse energy achieved is more than an order of magnitude greater than existing solutions at this wavelength, with a higher optical efficiency and pulse parameters ideally suited to fluorescence-based imaging techniques.
The fiber-integrated 1120 nm Raman amplifier with two distinct master oscillator schemes is depicted in Fig. 1(a) . The first master oscillator (MO I) utilized a picosecond pulse board (PPB) consisting of a distributed-feedback (DFB) laser diode integrated with an electrical picosecond pulse generator (PPG 1). The PPB (QD Laser) had a central wavelength of 1064 nm and was operated either in CW or pulsed mode. Duration-tunable pulses were generated by modulating the output of the PPB using a 10 GHz Mach-Zehnder amplitude modulator (MZAM) with an optical extinction ratio of 30 dB (Photline). The MZAM was driven by PPG 2 (Highland Technologies), amplified by a 12.5 GHz radio-frequency amplifier (Picosecond Pulse Labs), and combined with a DC voltage offset to bias the modulator at the minimum transmission point. The optical pulses generated by the MZAM followed the input electrical pulses, maintaining their 60 ps rise time.
The second master oscillator (MO II) offered reduced cost and complexity over MO I, at the expense of watt-level average power at 560 nm not being maintained across the pulse duration tuning range. It utilized a gain-switched highfrequency response DFB laser diode (HFLD) that directly seeded the Yb-MOPFA. The HFLD (QD Laser) was impedance matched to the 50 Ω picosecond drive electronics, PPG 3 (Geozondas), improving the frequency response compared with the PPB [15] . The increased frequency response proved vital for efficient Raman and SHG conversion when using pulses with durations >50 ps-1 ns, which are problematic to generate with gain-switched diodes [15] . The expected root-meansquare pulse-to-pulse jitter for both MO I/II was ≤6 ps, based on the manufacturers' quoted values for the PPGs and the results presented in [15] .
The MO pulse trains were amplified to a saturated output power of 6 W in a chain of Yb-fiber amplifiers (IPG Photonics). The pulsed 1064 nm output of the Yb-MOPFA was spectrally combined with a DFB laser diode operating at 1120 nm in a polarization-maintaining (PM) wavelength-division multiplexer (WDM). The 1120 nm DFB laser diode was operated CW, delivering an average power of 30 mW in a single longitudinal mode, with a corresponding spectral linewidth of <10 MHz. PM Raman fiber (OFS Fitel) was used as the Raman gain fiber, owing to its enhanced Raman gain efficiency over standard single-mode fiber (2.5 W −1 km −1 cf. 0.42 W −1 km −1 for SMF-28 at 1550 nm). The length of the Raman fiber (2.2 m) was empirically optimized by performing a cut-back to maximize the peak-power obtained within the SHG crystal's spectral acceptance bandwidth. A second WDM was spliced to the output of the Raman fiber to filter residual 1064 nm pump light.
Using MO I, a maximum 1120 nm average power of 3.1 W was generated for a 1064 nm pulse duration of 2.8 ns at a repetition rate of 2 MHz. It was found that due to the finite (30 dB) optical extinction ratio of the MZAM, the duty factor of the pulse train had to be restricted to <250 to avoid a significant CW component in the Yb-MOPFA output. This deleterious effect was eliminated in the results presented in Figs. 2(b) and 2(c) by pulsed, rather than CW, operation of the PPB. The corresponding Yb-MOPFA output power was 6 W, giving a conversion efficiency of 51%, taking into account the average power of the 1120 nm seed diode. A predominant factor affecting the conversion efficiency was the insertion loss of the two WDMs (0.6 dB total) and the two splice losses between the Raman fiber and the WDMs (1 dB total).
The 3 dB spectral linewidth of the 1120 nm signal was 0.04 nm [black trace Fig. 2(a) ], which was broadened from the initial seed linewidth due to self-phase modulation (SPM). The use of PM fiber in both the Yb-MOPFA and the Raman amplifier ensured environmental stability and enabled the 1120 nm signal to be amplified with a polarization extinction ratio (PER) of >20 dB.
The linearly polarized, narrow linewidth output of the Raman fiber laser was frequency doubled using a periodically poled lithium tantalate (PPSLT) crystal. Lithium tantalate was chosen over lithium niobate, despite its lower nonlinear coefficient, due to its superior photorefractive-damage (PRD) threshold [16] . For visible light generation, PRD is the limiting factor on scaling the generated peak-power without degrading the beam quality. To further increase the PRD threshold, the crystal was doped with MgO and was in the stoichiometric form (HC Photonics). The crystal had a length of 20 mm and was poled with a single 9.11 μm pitch grating, giving a phase-matching bandwidth of 0.15 nm for a fundamental wavelength of 1120 nm.
The simple, single-pass SHG stage is depicted in Fig. 1(b) . The fiber output of the Raman amplifier was quasi-collimated using an f 4.51 mm aspheric lens and focused to a measured waist of 20 μm in the center of the PPSLT crystal using an f 40 mm plano-convex lens. The generated secondharmonic (SH) was collimated by an f 150 mm lens, and the residual fundamental was separated using a beam splitter with an optical density >3 at 1120 nm. The crystal was antireflection (AR) coated on the input and output facets for both the fundamental and SH and was mounted in a resistive-heated copper oven. The calculated temperature acceptance bandwidth of the PPSLT crystal was 1.4°C, which set an upper limit of the SH power stability of <1.5% considering the 0.1°C precision of the temperature control.
A maximum average power of 1.53 W was generated at 560 nm for a fundamental (1120 nm) power of 3.09 W, giving a conversion efficiency of 50% at the quasi-phase-matching temperature of 123.6°C [ Fig. 2(b) ]. The output pulse duration was 2.7 ns at a repetition rate of 2 MHz; however, due to the pulsed operation of the PPB, the output pulse showed intensity modulations [blue trace Fig. 2(d)] . The pulse quality could be improved by operating the PPB in CW mode and using the MZAM only to generate the pulses, with a 5% reduction in the maximum average power at 560 nm (1.46 W). The SH conversion efficiency increased to 54% in this case, due to a reduction in the spectral linewidth to ≤0.01 nm [blue trace Fig. 2(a) ]. However, the 560 nm average power was lower than using the PPB in pulsed mode, due to the decrease in 1120 nm power, caused by the CW component in the Yb-MOPFA output.
The 560 nm output pulse duration could be continuously tuned over the range 50 ps-2.7 ns by adjusting the pulse-width of the MZAM and scaling the repetition rate to maintain a constant 1064 nm pump peak power. Illustrative pulses are shown in Fig. 2(d) corresponding to average powers (conversion efficiencies) of 1.53 W (50%), 1.46 W (54%), 1.40 W (51%), and 1.15 W (41%) for the blue, green, red, and cyan traces, respectively. The SHG conversion efficiency decreased as the pulse duration was reduced due to an increase in the 1120 nm spectral linewidth, caused by SPM.
Using MO II, efficient conversion of duration-tunable pulses was possible by directly seeding the Yb-MOPFA with gain-switched pulses from the HFLD. The higher frequency response of the HFLD resulted in a cleaner transient and flatter tail to the gain-switched pulses in comparison to the PPB [ Fig. 3(a) ], which could not be used to efficiently generate 560 nm radiation without the MZAM. The transient at the leading edge of the HFLD seed pulse was suppressed in the conversion to 1120 nm in the Raman amplifier [ Fig. 3(b) ] due to gain saturation, enabling clean output pulses at 560 nm to be obtained [ Fig. 3(c) ]. The efficiency of both the Raman conversion and SHG were only slightly reduced compared to using MO I, with 1.33 W of 560 nm generated from 2.83 W of 1120 nm (linewidth 0.02 nm) with a pulse duration of 2 ns at 2.5 MHz [ Fig. 3(c) ].
The 560 nm output beam had excellent beam quality (M 2 ≤ 1.15) irrespective of the MO scheme. However, the angle-cleaved output of the Raman amplifier when MO I was used (to eliminate feedback) lead to a large beam ellipticity of 0.8. To rectify this, an AR-coated FC patch connector with a reflectivity of 0.1% at 1120 nm was fusion spliced to the Raman amplifier output. The connector was collimated using an AR-coated triplet-lens collimator and was focused to a measured waist size of 32 μm in the center of the PPSLT crystal using an f 50 mm plano-convex lens. The generated 560 nm beam was re-collimated to a diameter of 2.1 mm using an f 150 mm plano-convex lens, giving a low divergence output beam. The beam quality was characterized using a scanning-slit profiler to measure the beam diameter through (Fig. 4) . A Gaussian fit of the beam caustic revealed a near diffraction limited M 2 ≤ 1.11 for both axes, with no measurable astigmatism. The collimated beam had an ellipticity of 0.95 (Fig. 4 inset) , and the PER was measured to be >30 dB, demonstrating excellent polarization purity.
The maximum average power at 560 nm using MO II and the AR-coated patch connector output was 1.06 W, with a pulse duration of 2 ns at 2.5 MHz [blue trace Fig. 5(a) ]. The corresponding 1120 nm output power from the collimator was 2.70 W, giving a conversion efficiency of 39%. The reduction in conversion efficiency compared with using the angle-cleaved output was primarily due to the larger waist size in the crystal. The output pulse duration was tunable from 35 ps to 2 ns, with the repetition rate correspondingly scaled from 50 to 2.5 MHz [ Fig. 5(a) ]. The 560 nm average power decreased rapidly as the pulse duration was reduced due to the unconverted transient becoming a larger proportion of the pump pulse [ Fig. 5(b) ]. At a repetition rate of 50 MHz, the HFLD produced clean 40 ps duration pulses, but the conversion in the Raman amplifier and SHG stages was significantly reduced due to SPM.
In conclusion, we have demonstrated a compact, turn-key source of tunable duration picosecond pulses at 560 nm based on SHG of a discreet Raman amplifier, pulse-pumped by a Yb-MOPFA. Using a MZAM-based master oscillator (MO I), up to 1.53 W of 560 nm was generated, with an output pulse duration tunable over the range of 50 ps-2.7 ns and the repetition rate correspondingly scaled from 48 to 2 MHz. The output average power using MO I was >0.9 W over the entire pulse duration tuning range. With a simpler master oscillator utilizing a gain-switched diode (MO II), the 560 nm source produced up to 1.33 W with an output pulse duration tunable from 35 ps to 2 ns, and the repetition rate correspondingly scaled from 50 to 2.5 MHz. In contrast to MO I, the average output power decreased significantly as the pulse duration was reduced when using MO II. The maximum achieved pulse energy of 765 nJ is more than an order of magnitude greater than existing solutions at this strategic wavelength, with an optical efficiency of up to 25%. The pulse-duration tuning ranges are ideally suited to efficient STED microscopy, and the circular, near diffraction-limited (M 2 ≤ 1.11) output beam with high polarization purity facilitates direct integration into microscopy systems. 
